Introduction
Glutamate is the major fast excitatory neurotransmitter in the vertebrate central nervous system. Glutamate receptors that are ligand-gated ion channels are classified on the basis of their sensitivity to the selective agonists N-methyl-11-aspartate (NMDA), a-arnino-3-hydroxy-S-methyl-4-isoxazoleproprionic acid (AMPA) and kainate. NMDA receptors play a key role in the generation of various forms of synaptic plasticity, including some types of associative long-term potentiation and long-term depression which may underlie learning and memory, and in defining neuronal architecture and synaptic connectivity, including experiencedependent synaptic modifications in the developing nervous system [ 1, 2] . Excessive or abnormally prolonged activation of NMDA receptors has been implicated in a number of pathological states including ischaemic neuronal cell death, epilepsy and chronic neurodegenerative diseases [ 3, 4] .
The NMDA receptor contains an integral ion channel that gates Na+ and Calf and is blocked at resting membrane potentials by physiological concentrations of Mg2+. The Mgz+ block of the ion channel is voltage-dependent and is relieved during membrane depolarization, allowing activation of the receptor complex by NMDA or glutamate [1, 2] . The receptor contains a number of distinct recognition sites for endogenous and exogenous ligands, including glutamate (or NMDA), glycine, M$+, Zn2+, polyamines and open-channel blockers such as phenylcyclidine and MK-80 1 [ 11. The receptor is also modulated by pH, redox reagents, arachidonic acid and some neurosteroids. There is an absolute requirement for glycine for the channel to be opened by NMDA or glutamate. Thus, glycine can be considered a 'co-agonist' at the NMDA receptor complex [S] .
Effects of polyamines on the NMDA receptor were first reported from ligand binding studies in which spermine and spermidine (3-300 pM) were shown to increase the binding of radiolabelled channel blockers such as "-labelled MK-80 1 to the NMDA receptor-channel complex [6-lo] . At high concentrations of spermine and spermidine, Abbreviations used: I-V, current-voltage; NMDA, Nmethyl-1)-aspartate; NK, NMDA receptor.
inhibition of "-labelled MK-80 1 binding was seen, suggesting that polyamines have at least two mechanisms of action at NMDA receptors [7-lo] .
In functional studies, polyamines such as spermine do not directly activate NMDA receptors but can potentiate or inhibit responses to NMDA at receptors on cultured neurons [11] [12] [13] [14] [15] [16] .
Effects of polyamines on recombinant NMDA receptors
The effects of spermine on native NMDA receptors as studied electrophysiologically have been surrounded by controversy and confusion because potentiation, inhibition or no effect of spermine on native NMDA receptors have all been reported [ll-161. It is now apparent that spermine has four macroscopic effects on NMDA receptors: 'glycineindependent' stimulation, in which spermine increases NMDA-induced currents in the presence of saturating concentrations of glycine; 'glycinedependent' stimulation, which involves an increase in the affinity of the receptor for glycine and is seen with low concentrations of glycine; voltage-dependent inhibition; and a decrease in the affinity of the receptor for NMDA and glutamate ( Figure 1 ). Studies using recombinant NMDA receptors have shown that each of these effects of spermine is dependent on the subunit composition of the receptor.
Two families of NMDA receptor subunits have been cloned. The NR1 subunit, which is expressed widely throughout the brain, is transcribed as eight alternatively spliced mRNAs ( N R~A -N R I~I ) containing combinations of one 5' and/or two 3' inserts [17-191. The NR2 family consists of the NRZA, NRZH, NR2C and NR2D cDNAs from rat brain [20, 21] , and the mouse homologues termed e l , e2, e3 and e4 [22-243. There are marked regional and developmental differences in the expression of different NR2 subunits in the brain [20-261. The NR1 subunit can produce functional homomeric NR1 receptors but currents activated by these receptors are very small [17] . Much larger responses are seen with heteromeric NR 1 /NR2 receptors expressed from combinations of NR1 and NR2 subunits [20-241. Although the subunit composition of native NMDA receptors is unknown, they are likely to be hetero-oligomers,
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( a ) Schematic model of the NMDA receptor t o illustrate the effects of spermine. In this model, spermine acts at one site t o produce glycine-independent simulation ( I ) and to decrease the affinity for glutamate and NMDA (4), at a second site to increase the affinity for glycine (glycine-dependent stimulation; 2), and at a third site to produce voltage-dependent inhibition (3 The effects of polyamines on recombinant NMDA receptors have been studied using the Xenopus oocyte expression system. Oocytes injected with cRNAs encoding subunits of the NMDA receptor express high levels of functional NMDA receptors on their cell surface that can be studied electrophysiologically using a two-electrode voltage-clamp (Figure 2 ) [17] [18] [19] [20] [21] [22] [23] [24] [27] [28] [29] 34] . Durand et al. [34] reported that homomeric NRl receptors expressed from splice variants, such as NRln, that do not contain a 5' insert exhibit glycine-independent stimulation by spermine, whereas receptors expressed from variants such as NRlH, containing a 5' insert, do not show stimulation by spermine. because the voltage-dependent block is fully relieved (Figure 3 ). The polyamine-binding site responsible for voltage-dependent block by spermine is likely to be separate from the site that mediates stimulation by polyamines, and may be located within the ion-channel pore of the receptor ( Figure   Initial studies of the effects of spermine at heteromeric NR 1 /NR2 receptors were carried out using 100pM NMDA or 10pM glutamate to activate the receptors [28] . These concentrations of NMDA and glutamate are 5-10-fold higher than their ECs,s and are thus close to saturating [29] . Under these conditions, 100 p M spermine markedly potentiates responses to NMDA at NR~A/NRZB but not at NR~AINRZA receptors [28, 29] (Figure 2b ). Subsequently, it was found that spermine had virtually no effect on responses to 1 0 p M NMDA at N R~A / N R~B receptors ( Figure  2b ). Spermine was found to decrease the affinity of N R~A / N R~B receptors for NMDA and glutamate, an effect that accounts for the lack of spermine stimulation when lOpM NMDA is used to activate the receptors [29] . When low concentrations of NMDA are used, a decrease in affinity for NMDA reduces the response to NMDA and counteracts the stimulatory effect of spermine, resulting in no net effect of spermine on macroscopic currents [29] . The decrease in agonist affinity, like glycine-independent stimulation, is seen at NRlA/NR2B but not NR~A/NRZA or N R l d N R Z C receptors (Figure 1) .
).

Whither next?
Effects of polyamines on NMDA receptors were initially characterized using traditional 'top-down' pharmacological approaches with receptors on intact neurons or on broken cell membranes prepared from brain tissue [6-161. The recent cloning of subunits on the NMDA receptor has permitted the use of a 'bottom-up' approach to the pharmacology of these receptors. The use of recombinant NMDA receptors expressed from cloned subunits has greatly facilitated studies of the effects of modulators, including polyamines, on these receptors. The subunit specificity and mechanisms of action of spermine have been partly uncovered. Experiments are currently underway using chimeric NR2A-B subunits and site-directed mutagenesis to define which regions of NR2A and NR2B control sensitivity to polyamines. The range of actions of spermine provides tools with which to probe the structural and functional properties of different Volume 22 forms of the NMDA receptor and their roles in synaptic transmission and plasticity.
The identification of subunit-specific effects of polyamines on NMDA receptors should also facilitate studies of polyamines acting on native NMDA receptors. Differences in the subunit composition and cell-specific expression of native NMDA receptors probably underlie the variable effects of spermine seen on cultured neurons and the changes in sensitivity of NMDA receptors to polyamines that occur during development [11] [12] [13] [14] [15] [16] 351 . The question of whether endogenous polyamines act at NMDA receptors in vivo is still wide-open. If such effects do occur in the intact nervous system, the predominant effect of polyamines may be glycineindependent stimulation [29] , which would increase responses mediated by some subtypes of NMDA receptors and could influence synaptic plasticity processes or exacerbate neuronal injury mediated by excessive release of glutamate. Experiments designed to investigate the effects of polyamines on NMDA receptors at intact synapses will be useful in addressing some of these issues.
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